Introduction
Rechargeable lithium-ion batteries (LIBs) have become the dominant power sources for portable electronic devices because of their high gravimetric and volumetric energy densities. They are considered the most promising energy storage devices for electric vehicles (EVs), and are now used in vehicles made by Nissan (Leaf) and Tesla, among many others. 1 Mass adoption of EVs is still hindered by insufficient battery performance and high cost. In a Li-ion cell, Li ions shuttle between the positive and negative electrodes, where the redox reactions occur. Currently, the most commonly used anode, graphite, can deliver a much higher specific capacity (372 mAh/g) than available cathodes. Therefore, the cathode is the main determinant of many aspects of battery performance, including energy and power density, calendar and cycle life, and safety. Of the commonly used cathode materials in Li-ion batteries, layered lithium metal oxides (LiTMO2, TM is transition metal) are the most promising candidates for EVs because of their high theoretical capacities (~ 270 mAh/g) and a relatively high average operating voltage (~ 3.6 V vs. Li + /Li). In the case of LiCoO2, however, only about 140 -170 mAh/g can be used practically due to a series of irreversible phase transformations occurring at high states-of-charge, and side reactions with electrolytes and other components that are encountered at the high potentials. In addition, the high cost and relative scarcity of Co has driven research focus from LiCoO2 to lower cost alternatives such as Ni-containing layered oxides. These layered oxides are the focus of this review.
LiNiO2 was first considered as a cathode material because it has the same crystal structure as LiCoO2, and Ni is fairly inexpensive and abundant. Moreover, Ni redox processes occur at a slightly lower potential than Co, allowing for higher accessible capacities in the voltage stability window of the electrolytic solutions. 2, 3 Difficulties in synthesizing high-quality samples of LiNiO2, and concerns with its safety at high states-of-charge led researchers to look for strategies that would lead to more reliable cathode materials. These strategies mainly rely upon substituting other elements for Ni in the layered structure, resulting in a series of Ni-based oxides. 4 For instance, partial substitution of Ni with Co is found to be an effective way to reduce cationic disorder 5 and adding a small amount of Al can improve both thermal and structural stability. 6 Incorporation of Mn is shown to stabilize the layered structure. 7 With this element substitution strategy, several promising compositions, LiNixMnyCozO2 (NMC) and LiNi0.8Co0.15Al0.05O2 (NCA), have been identified and have become the most extensively investigated cathode materials. Of these compounds, LiNi0.8Co0.15Al0.05 (NCA) can deliver a relatively high capacity of > 180 mAh/g at a moderate voltage and is now used commercially in vehicle battery applications, although there are still concerns about its thermal stability. The most extensively studied NMC composition is LiNi1/3Mn1/3Co1/3O2, also known as NMC-333, which typically delivers a practical capacity of about 160 mAh/g, and exhibits good rate capability. 8 Because the cost and relative scarcity of Co is a concern, compositions with lower Co contents (e.g., NMC-442) have also been investigated extensively. In as-made NMC compounds where the Ni and Mn contents are matched, Ni is generally found to be divalent, Co trivalent, and Mn tetravalent. Only Ni and Co are electroactive, with Mn generally serving as a structure stabilizer. 9, 10 Therefore, to increase specific capacity without adversely impacting cost, it is of interest to increase the Ni content of NMCs, either in matched compositions, or in compositions where the Ni content is higher than Mn (e.g., NMC-532) and is in both the divalent and trivalent states initially. Another possible way to increase specific capacity is to exploit the Ni 2+ /Ni 4+ redox couple in Li-rich compounds such as Li2NiO2. If it were possible to fully extract both lithium ions in this compound, a high theoretical capacity of 513 mAh/g could be obtained, although structural instabilities (an irreversible phase transformation) prevent good cycling of this material. 11, 12 Several excellent review articles on rechargeable Li-ion battery cathodes have summarized recent major progress. 1, 2, [13] [14] [15] Here, we concentrate on the Ni-based layered oxides, including stoichiometric compounds with one or two lithium ions per formula unit, LiTMO2 and Li2TMO2, respectively. The emphasis is on the chemistry of Nibased layered oxides from the materials design perspective, along with recent advances on the understanding of compositionstructure-property relationships. This review is divided into four sections covering the historical development of unsubstituted LiNiO2, Li2Ni1-xTmxO2, Ni-based binary (LiNi1-xTMxO2), and ternary (LiNi1-x-yTMxTM'yO2) systems (0 < x, y < 1). In the final sections, exciting new directions involving the possible use of combinatorial approach to rapidly identify promising high-capacity electrode materials, particularly for lithium-excess lithium metal oxide materials are briefly covered.
LiNiO2
Challenges with LiNiO2 can be categorized as follows: (1) synthesis of stoichiometric (or near-stoichiometric) materials, (2) irreversible phase transformations during intercalation/deintercalation, and (3) structural degradation upon exposure to air/moisture and during shelf storage. It is also important to understand the correlation between the synthetic protocols and electrochemical performance to identify the key variables that lead to stoichiometric (or nearstoichiometric) LiNiO2.
LiNiO2 is isostructural with LiCoO2, similar to layered α-NaFeO2 (space group R3 � m). In the ideal case (Figure 1 ), nickel and lithium atoms are located in the octahedral 3b and 3a sites, respectively, and occupy alternating layers in a cubic close-packed array of oxygen atoms, which occupy the 6c sites. This type of stacking arrangement is denoted O3, where O signifies that Li ions are in octahedral sites and the number 3 indicates the number of transition metal slabs per unit cell. This layered structure provides a two-dimensional space for lithium ions to transport, and an ideal stoichiometry should have nickel in the trivalent state. However, it is difficult to synthesize stoichiometric LiNiO2 due to lithium loss and reduction of some Ni 3+ to Ni 2+ during thermal calcination, a necessary step in the synthesis. Because of the small differences in the ionic sizes of Ni 2+ (0.69 Å) and Li + (0.76 Å), Ni 2+ ions can migrate to the octahedral lithium (3a) sites, where they may interfere with lithium diffusion. So a more realistic representation of the formula is Li1-zNi1+zO2. The degree of nonstoichiometry is very sensitive to the synthetic conditions and profoundly affects the electrochemical properties of the final product. 14, 16 Therefore, the synthetic conditions need to be properly controlled in order to produce a high-quality LiNiO2.
A variety of techniques for producing LiNiO2 have been reported in the literature, including solid-state, combustion, sol-gel, microwave-assisted synthesis, Pechini process, chemical vapor deposition, hydrothermal, and ion-exchange methods; see reference 5 for details. This article focuses on LiNiO2 prepared by solid-state 11, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] and combustion methods [29] [30] [31] [32] because of their relative popularity and maturity. Both the stoichiometry and electrochemical performance of LiNiO2 are very sensitive to the synthetic conditions (e.g., precursors, annealing atmosphere, etc.). Numerous precursor combinations such as oxides, hydroxides, nitrates, carbonates, and acetates etc. have been employed to produce LiNiO2 under different atmospheres (O2 and air). 23, 33 The products of several combinations of hydroxides, nitrates, and carbonates as lithium and nickel sources annealed under O2 delivered a much higher reversible capacity (> 150 mAh/g) in the voltage range of 2.5 to 4.2 V vs. Li + /Li (0.17 mA/cm 2 ) compared to the samples annealed under air (Figure 2 ). This better electrochemical activity was ascribed to the more ideal stoichiometry and cation arrangement in the final LiNiO2 products. As reflected by X-ray diffraction studies, the electroactive LiNiO2 samples showed large intensity ratios of (003) to (104) as well as a clear split of the (108) and (110) peaks (Figure 2) , suggestive of a low number of defects and a high degree of "layeredness". 33 The stoichiometry and degree of ordering in LiNiO2 product is also influenced by the O2 partial pressure because a sufficient O2 supply during synthesis helps suppress the reduction of reactive Ni 3+ and leads to a decrease in the amount of Ni 2+ in the final product. 34, 35 Studies on the reaction mechanism and kinetics of LiNiO2 formation 
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Please do not adjust margins also suggested that high O2 partial pressure (1000 mL/min) is essential to overcome the diffusion barriers of Li and Ni ions in the molten lithium-containing precursor and NiO particles during the solid-state reaction. 26 In addition to the atmosphere, starting precursors also affects the stoichiometry and electrochemical activity of LiNiO2. Reactive precursors that melt and decompose at a low temperature are more favorable than those that are less reactive. Moreover, lithium content in the precursor during synthesis also plays an important role because of the tendency to lose lithium during the calcination process. Arai et al. reported the synthesis of LiNiO2 by starting with a 3 molar excess of LiOH precursor to provide sufficient lithium source during reaction and washing the product after calcination to remove residual lithium compounds. The final product exhibited a large reversible capacity of > 200 mAh/g between 3 and 4.5 V vs. Li + /Li. According to the Rietveld refinement of the x-ray diffraction pattern and chemical analysis, this high capacity was ascribed to the fact that the as-synthesized LiNiO2 was close to stoichiometric. The chemical analysis of LiNiO2 was performed by analyzing the atomic absorption spectroscopy and inductively coupled plasma emission spectroscopy for Li, after dissolving the LiNiO2 sample in hydrochloric acid aqueous solution. 36 Later, LiNiO2 prepared by a combustion method was reported with various excess lithium amounts ranging from 4 to 15%. The sample prepared with 10% excess Li delivered the largest discharge capacity of 195 mAh/g in the voltage range of 2.7 to 4.4 V vs. Li + /Li at 0.1C. 29 We recently obtained a nearly stoichiometric material with a Li excess as low as 2%, but found that the surface characteristics and electrochemistry of the LiNiO2 product varied depending on the lithium content of the precursor, with the sample made with 10% excess having the best electrochemical properties (200 mAh/g, 2.7 -4.3 V vs. Li + /Li, 0.1C). 37 In summary, to obtain a close to ideal stoichiometry of LiNiO2, there are three important factors: (1) reactive precursors (e.g., LiNiO3 and Ni(OH)2) to ensure complete reaction; (2) sufficient O2 flow to minimize Ni 2+ formation; (3) excess Li source to compensate for lithium loss during the calcination process. When the synthetic conditions deviate from the optimal, a rock-salt type cubic structure (Fm3 � m) can form in the final product , the poor electrical properties of which lead to inferior electrochemical performance (e.g., low capacity, poor rate capability). 25, 33, 38, 39 The practical specific capacity of LiNiO2 that has been reported in the literature varies with the upper voltage limit, generally increasing with higher cutoffs, but rarely reaches the theoretical value of 274 mAh/g. 30, 33 The material experiences structural transformation during Li deintercalation processes. 17, 33, 36, [40] [41] [42] [43] [44] The LiNiO2 phase behavior is typically divided into four regions (Figure 3 ) during deintercalation: original hexagonal phase (H1), monoclinic (M), another hexagonal phase (H2), and, finally a third hexagonal phase (H3). 33, 45 33, 45 In particular, the anisotropic lattice changes along the a-and c-axes during the H2 and H3 phase transition, resulting in a large volume change (9%), can cause micro-cracks in LiNiO2 particles in electrodes above 4.2 V vs. Li + /Li (> 0. 75 Li deintercalated). 44 In contrast, Yang et al. proposed two first-order phase transitions with all phases having a hexagonal structure instead of one having a monoclinic structure based on their in-situ synchrotron XRD studies. Possible explanations for this include the source of LiNiO2, likely different degrees of ion mixing, and in-situ cell architecture, as evidenced by the differences in cell polarization shown in Figure 3 , 4. 17, 40, 45 In spite of this discrepancy, the overall diffraction patterns of the three hexagonal phases agreed well (see the example given in Figure 4) . 40 In addition to XRD characterization, X-ray absorption spectroscopy (XAS) results on electrodes at various states-of-charge are consistent and show: (i) a Jahn-Teller distortion for Ni 3+ , (ii) electrochemical oxidation of Ni 3+ to Ni 4+ , and (iii) an undistorted environment for Ni 4+ . 21, [46] [47] [48] The possible phase changes due to the cooperative Jahn-Teller distortion of Ni 3+ and high reactivity of Ni 4+ with electrolyte are believed to be responsible for the capacity decay that is generally observed.
In addition to the capacity fading associated with phase transformations at high states-of-charge, the sensitivity of LiNiO2 to air and moisture exposure is also a challenge. The electrochemical performance of LiNiO2 degrades after storage in air for a period of time. The performance decay is related to the chemical instability of LiNiO2 in air. During storage, the spontaneous reduction of Ni 3+ to Ni 2+ occurs, resulting in a loss in structural ordering. Moreover, active oxygen species (O -, O2 -) form on the surface and leads to the production of Li2CO3 in the presence of CO2. 49 The difficulties in controlling synthesis and the intrinsic instability of unsubstituted LiNiO2 during cycling led researchers to try elemental substitution to improve performance.
Li2Ni1-xTMxO2
Within the Li-Ni-O chemical space, Li2NiO2 also has aroused interest because of the very high theoretical capacity of 513 mAh/g based on (105) region of the hexagonal structure collected at the designated state of charge. 40 Used with permission from reference 40. full utilization of the Ni 2+ /Ni 4+ redox couple and extraction of two lithium ions per formula unit. The first electrochemical study of Li2NiO2 was carried out by Dahn and coworkers in 1990, who prepared it by intercalating one extra Li into layered LiNiO2. Figure 5 shows the voltage profiles of Li(1-y)NiO2 discharged to different lower potential limits. 11 A plateau around 1.9 V associated with the insertion of a second Li can be clearly observed. The Li2NiO2 formed by the electrochemical lithiation method is isostructural with Ni(OH)2 and has the 1T-TiS2 structure, therefore, is denoted 1T-Li2NiO2. The structure (P3 � m1 space group) consists of hexagonally close-packed layers of oxygen with Ni filled octahedra and Li filled tetrahedra ( Figure 6 ). This additional Li can be removed from Li2NiO2 during the subsequent charge and the host lattice reverts to the original LiNiO2 structure, but there is substantial hysteresis in the voltage profiles because of the large electrostatic repulsion between tetrahedral Li ions. 11 The 1T-Li2NiO2 phase can also be prepared by chemically lithiating layered LiNiO2 using lithium benzophenone. 11 It cannot be prepared directly by high-temperature synthesis, because the ground state of Li2NiO2 is not the 1T-structure, but an orthorhombic form (Immm space group). The 1T-Li2NiO2 phase converts to the orthorhombic structure at 400 ⁰C. 28 In the Immm structure, Ni sits at the center of an oxygen rectangle and Li occupies tetrahedral sites (Figure 7) . First-principles calculations predict a reasonably good ionic conductivity for orthorhombic Li2NiO2 due to the twodimensional Li diffusion along the b axis and in the diagonal direction between the a and b axes in the structure. 50 It is possible to prepare orthorhombic Li2NiO2 by solid-state synthesis; e.g., by annealing Li2O and NiO precursors at 650 ⁰C for 24h under inert atmosphere to prevent oxidation of Ni 2+ during synthesis. 12, 51 The as-prepared orthorhombic Li2NiO2 exhibits a high initial charge capacity (~ 320 mAh/g) but a discharge capacity of only about ~ 240 mAh/g in a voltage range of 1.5 -4.6 V vs. Li + /Li (Figure 8) . 12 There is a large hysteresis between the first charge and the subsequent discharge, which resembles that of lithiated 1T-Li2NiO2 with plateaus around 3.7 and 1.9 V. Using ex situ XRD and EXAFS techniques, it was found that the orthorhombic Immm structure gradually transformed to the layered structure during the 1 st cycle and eventually became amorphous after cycling. 12 To address the structural instability, solid solutions of isostructural Li2CuO2 and Li2NiO2 have been prepared and studied. The intermediate composition, Li2Cu0.5Ni0.5O2 , exhibited a high reversible capacity of 250 mAh/g that was retained after 15 cycles (1.5 -4.0 V vs. Li + /Li, 0.6 mA /cm 2 ). 52 However, there is no direct evidence that Cu can stabilize the structure. The electrochemical Figure 5 Three cycles of a cell containing LiNiO2 initially discharged to form 1T-Li2NiO2: (solid) first charge and discharge to 2.0 V; (small dashed) second charge and discharge to 1.7 V; (large dashed) third charge. 11 Used with permission from reference 11. Please do not adjust margins Please do not adjust margins reaction mechanism of Li2Cu0.5Ni0.5O2 was recently studied using a combination of XAS, and gas evolution measurements, showing that oxidation of Ni 2+ to Ni 3+ coupled with O2 evolution occurs at high potentials (> 3.9 V). The reverse reaction only contributes 125 mAh/g to the discharge capacity, with the rest due to Cu 2+ to Cu + reduction at potentials below 1.8 V (Figure 9 ). 53 No element has been demonstrated so far that can stabilize the planar 4-fold coordination of Ni 3+ upon Li removal in the Immm structure, making the use of this material as a cathode very challenging. 12 Instead, the facile decomposition of this compound at charging potentials of common electrodes (e.g. 4 V for LiCoO2) and the large first charge capacity (> 300 mAh/g) make it suitable as a source of extra lithium to compensate for the Li loss on the negative electrode. 51, 54, 55 For example, LiCoO2 mixed with 4 wt% Li2NiO2 additive enabled 100% reversible capacity in a LiCoO2/graphite full cell with no negative impact on the performance, showing that it could be used to balance a cell in which first cycle inefficiencies occur. 51 
Binary LiNi1-xTMxO2 (0 ≤ x ≤ 1)
As described in the previous section, LiNiO2 undergoes a series of phase transitions as lithium is extracted from the lattice. A strategy of partial substitution with various elements has been widely employed in order to stabilize the crystal structure. These substituting elements usually impose effects on the "layeredness" and phase stability upon lithium removal, which in turn affect the electrochemical performance, e.g., capacity, rate capability, thermal stability, and cycle life. The thermodynamically stable ordering between lithium and transition metal cations largely depends on the size of the cation. In the case of lithium metal oxides, LiTMO2 (TM = V, Cr, Co, and Ni), are observed to form layered structures, while those with Ti, Mn, and Fe, which have larger ionic radii, form a disordered rock salt or a tetragonally ordered structure. Figure 10 shows the structure field map for AMO2 compounds, which provides guidance for the search of new materials having similar structure to LiNiO2. 56 
LiNi1-xCoxO2 (0 ≤ x ≤ 1)
Co was used as one of the first cationic substitutions for Ni, as demonstrated by Delmas et al. in the early 1990s. 57 A solid solution can form within the whole composition range of LiNi1-xCoxO2 (0 ≤ x ≤1) system, with Ni 3+ and Co 3+ homogeneously located at octahedral transition metal (3b) sites in the cubic-close packed oxygen array. 27, 58, 59 The mixed metal system potentially offers cost or performance benefits compared to its end members, LiCoO2 and LiNiO2, respectively. At Co contents below x = 0.5, voltage profiles are very similar to LiNiO2, while, in the Co-rich region, the charge profiles show two plateaus; an initial low V plateau at potentials close to those observed for LiNiO2 followed by a high V plateau close to those of LiCoO2 (Figure 11 ). 57 Moreover, Co substitution substantially stabilizes the crystal structure and improves the Li stoichiometry, making the synthesis less sensitive to experimental conditions. For example, with 20% Co substitution, a nearly stoichiometric oxide can be synthesized in air. 60, 61 The structural stabilization can be more precisely described as improvement in layered characteristics because substitution of smaller Co ions results in lattice contraction and suppresses the migration of Ni to the Li sites, [62] [63] [64] which is an important determinant of electrochemical performance (reversible capacity and cycle life). 35 The evolution of electronic structure associated with Ni oxidation from Ni 3+ to Ni 4+ has been clearly observed by in situ hard XAS studies during charge, whereas the Co oxidation state change is either none or a small amount towards the end of charge. 58, 65 Composition studies over the whole range (0 ≤ x ≤ 1 in LiNi1-xCoxO2) show that the optimal Co content is around 0.2 to 0.3. For the x = 0.2 composition, the initial capacity is as high as about Figure 9 First-cycle voltage profiles of Li2Cu0.5Ni0.5O2 between 4.3 and 1.5 V at a current density of ~ 70 mA/g along with the proposed electrochemical reaction mechanism. 53 Used with permission from reference 53.
Figure 10
Structure field map for AMO2 compounds: (•) α-NaFeO2 (rhombohedral); (▼) high-pressure phase; ( ) α-NaFeO2 (monoclinic); (○) high-pressure phase; (■) Wurtzite (LiGaO2), β-GeO2; ( □ ) NaCl (disorder); ( ▲ ) monoclinic; ( ◇ ) LiFeO2 (tetragonal); ( ◆ ) orthorhombic (corrugated layer); and HT: high-temperature phase. 56 Used with permission from reference 56.
Figure 11
Charge profiles of a Li//LixNi1-yCoyO2 at various Co contents (y). 57 Used with permission from reference 57.
190 mAh/g when cycled below 4.5 V. 57, [66] [67] [68] [69] Due to the improved characteristics of LiNi0.8Co0.2O2, including high capacity, improved structural and thermal stability, as well as lower cost compared to LiCoO2, it was quickly recognized to be preferable to LiNiO2. 68, [70] [71] [72] Sharp oxidation/reduction peaks in the dq/dV plots of LiNiO2 cells are correlated with the phase transformations observed in the x-ray diffraction data during the 1 st charge process. In contrast, no obvious oxidation peaks were observed in the dq/dV plots of LiNi0.8Co0.2O2 cells (Figure 12 ) until > 0. 6 Li was extracted, indicating that the presence of Co within the transition metal layers prevented the H1 to M phase transformation that occurs below removal of 0.5 Li. 73 This was consistent with crystal structure evolution studies on chemically delithiated samples, which showed the initial structure remained and no oxygen was lost upon extraction of 0.7 Li per formula unit. Furthermore, improved thermal stability of electrochemically delithiated LiNi0.8Co0.2O2 compared to LiNiO2 was observed in differential scanning calorimetry (DSC) measurements (Figure 13 ), although, in both cases, heat flow increased when electrodes were charged to a higher potential. 69 The improved stability has been attributed to the differences in electronic structure of Co 3+ (3d 6 (t2g 6 eg 0 )) and Ni 3+ (3d 7 (t2g 6 eg 1 )). [74] [75] [76] However, it is full of contradictions; the Co-substituted material shows better thermal stability when delithiated, but the electronic argument implies that oxygen loss will occur more readily. Further understanding of the oxygen behavior and how it relates to thermal stability is clearly needed.
The electrochemical performance of LiNi1-xCoxO2 compounds is strongly related to the number of structural defects, crystallinity, morphology, and particle size. 67, 72, 77, 78 For Ni-rich compositions (x ≤ 0.2), the presence of extra Ni ions in the inter-slab space becomes more likely, with this tendency becoming more severe if the lithium content is deficient. 79 Furthermore, to prevent formation of NiO, the annealing temperature should not exceed 900 ⁰C. 68 
LiNi1-xMnxO2 (0 < x < 1)
The LiNi1-xMnxO2 (0 ≤ x ≤ 1) phase system was initially studied by Dahn's group who reported that solid solutions with the α-NaFeO2 layered structure formed for x ≤ 0.5. The observed capacity decrease as Mn content rose was attributed to the combined effects of cation mixing and the presence of inert Mn 4+ . 80 For this series of compounds, LiNi0.5Mn0.5O2 became the most widely studied composition after the pioneering work performed by Ohzuku et al., who first reported a high reversible capacity of 200 mAh/g in lithium half cells (2.5 -4.5 V, 0.17 mA/cm 2 ). Their cathode material was synthesized by annealing a mixture of LiOH and Ni0.5Mn0.5(OH)2 at 1000 ⁰C in air 81, 82 . Other advantages of LiNi0.5Mn0.5O2 compared to LiNiO2 include a lower degree of thermal runaway, and mitigated side reactions with electrolytes in the charged state. 83, 84, 85 For the LiNi1-xMnxO2 (0 ≤ x ≤ 1) system, lithium deficiencies with compensating Ni 2+ ions on 3a sites do not occur, instead, there is true anti-site mixing, with Li ions on nickel sites and vice versa. 1, 86 Regardless of how it is synthesized, around 10% of the Ni is present on the Li sites. 87, 88 The anti-site defects impede the kinetics of Li diffusion similar to that seen with the defects in LiNiO2. 83, 89, 90 A high reversible capacity (200 mAh/g) of LiNi0.5Mn0.5O2 can only be achieved at low current densities (2.5 -4.5 V vs. Li + /Li, 0.17 mA/cm 2 ). 82 To solve this problem, Kang et al. prepared a high ratecapability LiNi0.5Mn0.5O2 compound (Figure 14) via ion exchange from its sodium counterpart, NaMn0.5Ni0.5O2, which has nearly perfect ordering. The amount of cation mixing in the ion-exchanged material decreased to 4.3% based on the XRD refinement. The soft chemical approach was performed at a relatively low temperature so that only Na ions were replaced by Li ions, keeping the rest of the structure intact. 7 The exchange conditions determine the defect chemistry of LiNi0.5Mn0.5O2 and are difficult to control. 91 The defect chemistry of LiNi1-xMnxO2 (0 ≤ x ≤ 0.5) solid solutions varies with composition. The anti-site mixing between Li + and Ni 2+ Figure 12 Comparison of the derivative curves for LixNiO2 and LixNi0.8Co0.2O2 . 73 Used by with permission from reference 73.
Figure 13 DSC curves of LiNi1-xCoxO2 electrodes containing electrolyte for x = 0, 0.1, 0.2, and 0.3 after charging them at 4.2 and 4.3 V. 69 Used with permission from reference 69.
Figure 14
The discharge profiles of ion-exchange (IE) and solid state (SS) LiNi0.5Mn0.5O2 at various rates. The cells were charged to 4.6 V at C/20 and kept for 5 hours. 1C corresponds to 280 mAh/g. 7 Used with permission from reference 7.
Figure 15
Electrochemical performance of LiNi1-xMnxO2 (0.1 ≤ x ≤ 0.5) as a function of composition. 93 Used with permission from reference 93.
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Please do not adjust margins ions decreases from 10% to about 3% as x (Mn content) is reduced from 0.5 to 0.1. 92, 93 In Ni-rich compositions, some Ni is present as Ni 3+ while Mn is in the tetravalent state. 92 From the structural perspective, Mn 4+ ions are more desirable in terms of circumventing the Jahn-Teller distortion related to Ni 3+ , which can de-stabilize the de-intercalated material. 87 The combined impact of composition on the electrochemical properties of LiNi1-xMnxO2 (0.1 ≤ x ≤ 0.5) can be summarized as follows: the higher the Mn content, the lower the discharge capacity but the better the capacity retention and thermal stability (Figure 15) . 93 In addition to O3 layered structures, an O2-type layered phase, Li2/3Ni1/3Mn2/3O2 prepared by ion exchanging Na for Li from the corresponding sodium bronze, Na2/3Ni1/3Mn2/3O2, has been reported. In O2-type structures (Figure 16 ), Li + is located in octahedral sites (O) and the unit cell consists of two layers of MO2 sheets (M = Ni, Mn); they do not have cubic close packed oxygen lattices. This different stacking arrangement of the transition metal layers prevents conversion to spinel upon electrochemical cycling, a common problem with the O3 layered oxides containing redox active Mn 3+ , which shares in common with the spinel structure a cubic close-packed array of oxygen ions. However, O2-Li2/3Ni1/3Mn2/3O2, is not likely to be used as the sole cathode in lithium-ion batteries as only about half of its total reversible capacity can be extracted and direct synthesis of this phase has proven to be difficult. [94] [95] [96] [97] 4.3 LiNi1-xAlxO2 (0 < x < 1) Al was investigated as a non-transition metal substituting element for several reasons. First of all, α-LiAlO2 is isostructural with LiNiO2. Second, according to first-principles calculations, Al substitution for transition metals in LiTMO2 should lead to higher Li intercalation potentials due to the participation of oxygen in electron exchange that is driven by the fixed valence state of Al. 98, 99 Third, Al substitution may stabilize the crystal structure of LiTMO2 as demonstrated by the ability to prepare O3-LiMn1-yAlyO2 directly, unlike other O3 Mn-containing compounds. 100 Finally, Al is of interest as a constituent in the LiTMO2 compound due to its low cost and light weight. 101 The enthalpy of Al-substitution in lithium nickel oxide is positive, indicating a tendency for phase separation. Layered LiNi1-xAlxO2 solid solutions can only form at high temperatures where the entropy contribution surpasses the positive enthalpy and leads to a negative Gibbs free energy. 102 Independent of the synthetic methods used, pure layered LiNi1-xAlxO2 solid solutions form in a concentration range of 0 ≤ x ≤ 0.5. 103, 104 Substitution with Al can stabilize Ni 3+ and maintain the two-dimensionality of the crystal lattice in the layered structure. 101, 104, 105 However, Al 3+ substitution has a limited effect in reducing Li + /Ni 2+ cation Please do not adjust margins Please do not adjust margins mixing. About 5% extra Ni 2+ is present on the Li sites for LiNi1-xAlxO2 (x = 0.1 -0.5), 103 but the amount is very sensitive to synthetic conditions (e.g., the presence of Ni 2+ on Li sites in LiNi0.75Al0.25O2 can be minimized to as low as 0.6% by using a strongly oxidizing Li2O2 precursor). 106 On the nanometer-scale, a tendency for Ni 3+ and Al 3+ to segregate on the (11l) planes rises with increasing Al concentration, due to the differences in electronegativity of Al 3+ and Ni 3+ (χ(Al 3+ ) = 1.61 and χ(Ni 3+ ) = 1.91). 107 The most notable effects of Al substitution on electrochemical performance are the dramatic improvement in cycle life and safety at the expense of reversible capacity. 41, 103, [108] [109] [110] [111] For instance, the reversible capacity decreases from 167 mAh/g (x = 0) to 100 mAh/g (x = 0.25) when cycling LiNi1-xAlxO2 in lithium half cells between 3 and 4.15 V (Figure 17) . 103 For this reason, most studies on the electrochemistry of LiNi1-xAlxO2 focused on compositions with x < 0.3. The negative effect on reversible capacity is attributed to the electrochemically inactive character of Al within the voltage window of interest.
Al substitution also prevents cell over-charging and avoids phase transformation during Li deintercalation. 10% Al is sufficient to suppress the phase transformations observed in the LiNiO2 system and leads to optimal performance in terms of reversible capacity and cyclability. 103 Another pronounced effect of Al substitution is thermal stabilization. 41, 110, 111 Heating the charged LiyNi1-xAlxO2 electrodes leads to a series of phase transformations from layered R 3 � m to spinel Fd 3 � m, and eventually to cubic Fm 3 � m (Figure 18) , where the initial transformation to Fd3 � m is achieved through the migration of Ni and Al cations from slab to the inter slab space and the displacement of Li ions from octahedral to tetrahedral sites in the inter slab space. The stability of Al 3+ in the tetrahedral environment is believed to disrupt the cation migration that is necessary for the phase transformation, thereby, slowing down the phase transformation kinetics and leading to more thermally robust features. 41 4.4 LiNi1-xFexO2 (0 < x < 1) Figure 18 In-situ XRD patterns of Li0.3Ni1.02O2 and Li0.3Ni0.89Al0.16O2 upon increasing temperature (XRD data were collected for 1h after 10 min once samples were heated to each temperature at a heating rate of 15 ⁰C/min). 41 Used with permission from reference 41.
Figure 19
Voltage profiles and cycling performance of LiNi1-xFexO2 (0 ≤ x ≤ 0.2) cathodes at 0.5C between 4.5 and 3 V. 118 Used with permission from reference 118.
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The low cost and toxicity of Fe make it attractive as a substituent, but the effect is quite different from that of Co and Mn. A number of polymorphs of LiFeO2 exist, including the disordered rock salt α-LiFeO2 (Fm 3 � m) , tetragonal γ-LiFeO2 (I41/amd), and β-LiFeO2 with intermediate ordering (C2/c). Although the crystal structure depends largely on the synthetic route, γ-LiFeO2 cation ordering is electrostatically favored and typically obtained because the size difference between Li + and Fe 3+ is small. 112 In the LiNi1-xFexO2 (0 ≤ x ≤1) system, layered structures are only obtained for x < 0.3 during solid state preparation; further increasing the Fe content leads to a cubic rock-salt phase due to the occupancy of Fe in the Li layers. 113, 114 Even for samples prepared by ion exchange of α-NaNi1-xFexO2 in LiCl/KCl molten salts at 400 ⁰C, significant cation disordering was still detected in the Fe-rich region (x = 0 -0.5) and attempts to extract Li during the 1 st charge were not successful. 56 Within the solid solution composition range, the LiNi1-xFexO2 system shows similar defect chemistry as lithium nickel oxide; some Fe and Ni ions replace Li on Li sites leading to a general formula, Li1-z(Ni1-xFex)1+zO2, when 0 ≤ x ≤ 0.3. 113, [115] [116] [117] The best electrochemical performance in the LiNi1-xFexO2 (0 ≤ x ≤1) system was reported on LiFe0.15Ni0.85O2 made by a sol-gel method from an aqueous solution of metal nitrate precursors heated to 600 ⁰C for 10 h under O2 flow. The as-synthesized sample delivered a high reversible capacity of 191 mAh/g (3 -4.5 V vs. Li + /Li, 0.5C), with 94% capacity retention after 60 cycles (Figure 19 ). This relatively good performance was generally ascribed to the high degree of layeredness, crystallinity, uniform morphology, and narrow particle size distribution of the material. 118 4.5 LiNi1-xFexO2 (0 < x < 1) Ti substitutes as a tetravalent ion analogous to Mn 4+ in Li(Ni 2+ 0.5Mn 4+ 0.5)O2. Because Ti 4+ substitution increases the amount of Ni 2+ in the transition metal layers, it was originally thought that it could prevent its migration to the Li layers. While all LiNi-xTixO2 samples retain a layered R3 � m structure when x ≤ 0.3, 119, 120 cation mixing was not alleviated; in fact, it increased with Ti content. 120, 121 Both Ni 2+ (0.83 Å) and Ti 4+ (0.745 Å) have a relatively large ionic size that make them tend to migrate to the Li layer. 122 The presence of many of these defects results in poor electrochemical performance; for example, LiNi0.7Ti0.3O2 sample annealed in air only delivered a discharge capacity of < 30 mAh/g. 120, 123 Reasonably good capacity (> 150 mAh/g) is typically achieved only when the Ti content is below x = 0.1. [124] [125] [126] [127] [128] [129] In this substitution range, LiNi0.975Ti0.025O2 delivered the largest discharge capacity (235 mAh/g, 2.8 -4.3 V vs. Li + /Li, 0.2 mA/cm 2 ), but further increasing the Ti content led to a reduced reversible capacity (Figure 20) . These observations can be explained by the relative amounts of anti-site defects and the electrochemical inactivity of Ti 4+ in the tested voltage range. 125, 126 Both X-ray and neutron diffraction studies suggested the amount of TM on Li sites increases with Ti content, so that the significant decrease of the capacity with higher Ti concentration can be directly attributed to the higher degree of cation mixing induced by Ti substitution. 121 
Other Substitutions
Substitution of Ni 3+ with Ga 3+ , which is similar in size (Ni 3+ (radius 0.74 Å) and Ga 3+ (radius 0.76 Å)) has been proposed to prevent valence fluctuation and Li-ion rearrangement, resulting in a uniform Li-ion distribution at a high state-of-charge and thereby prohibiting phase separation. LiNi0.98Ga0.02O2 prepared by firing lithium nitrate, gallium nitrate, and nickel carbonate precursors at 660 ⁰C under O2 delivered a superior rechargeable capacity of 190 mAh/g and good retention of > 95% after 100 cycles between 3.0 and 4.3 V (Figure  21) . Based on the shapes of the pseudo-OCV charge curves, it appears that a single hexagonal structure was retained throughout the charge process without formation of a monoclinic phase or twohexagonal-phase region for this electrode. 130 Substitution with Sb 5+ was motivated by the electrochemical properties of Li(Ni 2+ 0.5Mn 4+ 0.5)O2, in which Ni 2+ participates in the redox reaction and Mn 4+ functions as structural stabilizer. The incorporation of cations with high valence states results in increased amounts of Ni 2+ in the structure, compared to the unsubstituted parent compound. Substituting Sb 5+ increases the Ni 2+ content by 67% for the end-member composition Li(Ni 2+ 2/3Sb 5+ 1/3)O2. Only the Ni is redox active and with the increased Ni 2+ content, there is less of a tendency to form Ni 4+ at high states-of-charge, which reduces electronic conductivity and can result in deleterious side reactions with electrolytic solutions. Attempts to synthesize LiNi2/3Sb1/3O2 by solid-state reactions led to the formation of an orthorhombic phase in the Fddd space group. Layered LiNi2/3Sb1/3O2 with R3 � m structure could only be prepared by ion-exchange of NaNi2/3Sb1/3O2, but the product only delivered an initial discharge capacity of 92 mAh/g (2.5 -4.6 V vs. Li + /Li) and suffered a fast capacity fade. The low capacity Figure 20 Cycling performance of LiNi1-xTixO2 (0.025 ≤ x ≤ 0.2) samples at a current density of 0.2 mA/cm 2 . 126 Used with permission from reference 126. Figure 21 Cycling plots of gallium-substituted LiNiO2 (4.3 -3 V, 36 mA/g). 130 Used with permission from reference 130. was attributed to Ni 2+ migration to Li sites (Li/Ni intermixing increase from 0.2% to ~ 10.4% after five cycles) during cycling. The driving force is provided by strong electrostatic repulsion as each Ni ion is surrounded by three Sb 5+ and three Ni 3+ when LiNi2/3Sb1/3O2 is partially charged. 131 The substitution of other elements such as Mg, B 132, 133 , Cu 126 , and F 134, 135 into LiNiO2 has also been attempted. A small amount of Mg 2+ or Cu 2+ ions may replace the Ni 2+ ions that are often located in 3a sites in the as-prepared lithium nickel oxide. Another hypothesis was the electrochemical inactivity of these divalent cations prevents full oxidation to Ni 4+ , retaining more Li in the structure and moderating the c lattice parameter change in the deeply charged state. The presence of electronegative fluorine in the oxygen lattice is also expected to change the chemical environment of Ni. For all of these elements, the studied substitution levels were low (< 0.2) and solid solutions formed in most cases. For instance, no secondary phase was observed for Mg or F substitution at a concentration between 0 and 0.2. 133, 135 In contrast, B substitution resulted in residual glass-like impurities. 132 In most cases, substitution resulted in lower capacity and no clear evidence of improvement in electrochemical performance over unsubstituted LiNiO2 was shown. In contrast to the negative effect of immobile cations on the Li sites, Mg 2+ substitution below 0.02 improved the cycling stability, because the presence of Mg 2+ , which is similar in size to Li + , in the inter-slab space, prevents local structural collapse. 133 This indicates a small amount of redox inactive and immobile cations may be good for structural stabilization, but a large amount is not because it slows the Li diffusion.
Improvements in the cycling performance of a material in which 0.015 F was substituted on oxygen sites was ascribed to the partial suppression of the undesired phase transitions during charge/discharge processes. 134 
LiNi1-x-yTMxTM'yO2 (0 < x, y < 1)
The most technologically important Ni-containing layered oxides for Li-ion batteries are based on Ni-Mn-Co (NMC) and Ni-Co-Al (NCA) metal combinations. There is a large pool of literature on NMC compounds; see several excellent cathode review articles. 1, 14, 136, 137 Most of these reviews focus on compositions with Ni content below 0.5. Recently, there has been a trend towards increasing the Ni content in stoichiometric layered metal oxides (one Li per transition metal) to increase the practical energy density. Here we focus on LiNi1-x-yMnxCoyO2 (0 < x, y < 1) compositions with a much wider Ni range (1-x-y from 1/3 to 0.8) than the previous reviews, organized based on the Ni content, as well as LiNi1-x-yCoxAlyO2 (0 < x, y < 1).
LiNi1-x-yTMxTM'yO2 (TM = Mn, TM' = Co)
Early compositional studies on systems with TM = Mn and TM' = Co were performed in the high Ni content region (1-x-y = 0.5 -1). The partial substitution of Ni by both Mn and Co showed a positive effect on lithium stoichiometry (i.e., a reduction in defects involving Ni occupation of Li sites). 138, 139 For example, the transition metal content in the lithium layer fell from 7.2% to 2.4% when the Co content was increased from 0 to 0.3 in LiCoxMn0.2Ni0.8-xO2, even though the calcination was performed in air rather than pure oxygen. 139 A Ni content between 0.7 and 0.75 was identified as the best in terms of capacity and cycle life, although initial capacities were only about 150 mAh/g using upper voltage cutoffs ranging from 4.2 to 4.3 V. 138, 139 In 2001, Ohzuku et al. reported the synthesis of LiNi1/3Mn1/3Co1/3O2 (NMC-333) by heating LiOH•H2O, CoCO3, and a nickel manganese hydroxide at 1000 ⁰C for 15h in air. This material delivered a discharge capacity of 150 mAh/g between 2.5 and 4.2 V and 200 mAh/g when the upper voltage limit was increased to 5 V in lithium half cells. 81 Later, a similar high rechargeable capacity was achieved upon cycling to 4.6 V by modifying the synthetic precursor to a triple hydroxide of Co, Ni, and Mn. 8 These exciting results prompted significant interest in optimizing the synthetic conditions, studying the physical properties, as well as establishing their relationships with electrochemical properties.
NMC-333
The early synthetic work on NMC-333 utilized solid-state reactions; e.g., high-temperature annealing of lithium salt and transition metal hydroxide and/or carbonate precursors; however, it was impossible to obtain a material free of a NiO impurity. Attempts to improve the phase-purity and uniformity of the cation distribution included various synthetic routes such as solid-state 81 , sol-gel 9, 140 , and modified co-precipitation of triple hydroxides 8, 138, 141 . Most NMC-333 samples that demonstrated good electrochemical performance were prepared around 900 ⁰C, although the optimal temperature varied somewhat with the synthetic routes. After charging to 4.3V vs. Li + /Li, a reversible capacity of 160 mAh/g is typically achieved, with capacities above 200 mAh/g obtained when a higher cutoff (≥ 4.6 V) is used, although this comes at the expense of capacity retention. [141] [142] [143] [144] The crystal and electronic structures of NMCs have been investigated by both first-principles calculations 145 and a suite of characterization techniques, i.e., high-resolution transmission electron microscopy (HRTEM), 146 neutron diffraction, 147 and nuclear magnetic resonance (NMR). 148 Although first principles calculations predicted that LiNi1/3Mn1/3Co1/3O2 should show transition metal ordering 10 , only short-range ordering could be detected by the experimental methods. In NMC-333, Ni cations tend to be close to Mn cations in the first coordination shell, and Co cations are randomly distributed, according to neutron pair distribution function (PDF) analysis. 149 Due to size factors, anti-site mixing between Li and Co or Mn is less likely to occur than with Ni. The overall result is that NMC-333 has fewer of these defects than more Ni-rich compositions. 150 In addition, the valence states of transition metals in LiNi1/3Mn1/3Co1/3O2 differ from that of simple LiMO2 (M = Ni, Mn, or Co) compositions, in which the oxidation states of the transition metals are 3+. Instead, the nominal oxidation states of Ni, Co, and Mn in pristine NMC-333 are 2+, 3+, and 4+, respectively. 9, 10, 149 Synchrotron x-ray absorption studies of the redox reaction mechanism during intercalation/deintercalation indicates that the main redox processes involve the Ni 2+ /Ni 4+ couple and that Mn 4+ is electrochemically inactive. 9, 148, [151] [152] [153] [154] The contribution of Co 3+ /Co 4+ redox processes is still a matter of debate; very little shift is observed in Co K-edges as a function of state-of-charge, instead, changes are observed in the O K-edge, suggesting that charge compensation occurs on O rather than Co. 9, 10, 145, 148 Chemical and structural Please do not adjust margins Please do not adjust margins stability studies performed on chemically delithiated NMC samples suggest that the initial R3 � m phase retains its original O3 stacking until about 0.7 Li per formula unit is de-intercalated. Extraction of more Li results in an irreversible change from O3 to O1 stacking (one layer of MO2 sheets along c axis). [155] [156] [157] The overlap of oxygen 2p band and transition metal 3d bands means that, near the end of charge (4.5V vs. Li + /Li) oxygen can be oxidized, resulting in oxygen release. 13, 153 From these results, the optimum upper cutoff voltage for NMC was determined to be 4.3 -4.4 V, falling within a range where nonaqueous electrolytes should be stable against oxidation by partially delithiated NMCs based on reactivity studies. (Figure 22) . 159 Of all the compounds studied, LiNi0.4Mn0.4Co0.2O2 showed the highest discharge capacity of about 180 mAh/g (2.5 -4.3 V). Similar to NMC-333, the transition metals in LiNi0.4Mn0.4Co0.2O2 are present in the form of Ni 2+ , Mn 4+ , and Co 3+ , and they are randomly distributed in the transition metal layers at room temperature. 160 Compositional studies within a narrower range (0.33 ≤ Ni = Mn ≤ 0.5, 0 ≤ Co ≤ 0.33) confirmed that NMC-442 has the optimal transition metal content for superior electrochemical properties such as higher capacity, better thermal stability, and lower cost. 161, 162 Based on these results, cation substitution strategies have been employed to search for further improvements. A positive effect has been demonstrated by the partial substitution of Al and Ti for Co at low levels (≤ 0.05). Incorporation of electrochemically inactive Al decreases the discharge capacity, but improves the thermal and cycling stability. 163, 164 A beneficial structural effect of Al substitution is to limit the change in lattice parameters and local disordering during battery operation. 165, 166 Partial substitution of Ti for Co in both 333 and 442-type NMCs can delay the formation of surface rock-salt phase and improve the stability of NMC materials at a higher state-of-charge, resulting in an increased discharge capacity, lower first cycle inefficiency, and better cycling behavior to both 4.3 and 4.7 V vs. Li + /Li. 167-169
Figure 22
The occupancy of Ni in the Li layer as a function of Co/Ni ratio. 159 Used by with permission from reference 159. Compositions containing 50% Ni or more in the transition metal layer are commonly referred to as nickel-rich NMCs. The valence states of transition metals in the pristine oxides differ somewhat from those in NMC-333 and NMC-442. Because the Ni and Mn contents are not balanced in these compositions, charge neutrality is achieved by the partial oxidation of Ni 2+ to Ni 3+ . 170, 171 Studies on LiCo0.5-yMn0.5-yNi2yO2 (0 ≤ 2y ≤ 1) layered oxides show an increase in discharge capacity but more capacity fading as the Ni content is increased to 0.5 in cells operated up to 4.6 V. 172 Because of its high capacity, lower relative cost and good electrochemical performance, LiNi0.5Mn0.3Co0.2O2 is one of the most-studied compositions. It can deliver a high initial discharge capacity of 214 mAh/g (2.5 -4.6 V vs. Li + /Li) or 175 mAh/g (3 -4.3 V vs. Li + /Li) as well as good rate capability. 173 Recent electrochemical studies on Li(Ni0.5Mn0.3Co0.2)O2 tend to emphasize higher upper voltage operation, [174] [175] [176] [177] [178] because of the possibility of achieving higher capacities and energy density. However, the capacity fading associated with high-voltage operation presents a significant challenge.
Advanced characterization techniques have been used to investigate the degradation mechanisms of NMCs cycled to high potentials. Surface reconstruction to disordered rock salt and/or spinel phases occurs in NMC-442 under a variety of conditions, including exposure to the electrolytic solution, but increases during cycling, especially to high potentials (Figure 23) . 179, 180 Soft x-ray absorption spectroscopy experiments reveal that all three transition metals are more reduced than in the bulk in charged electrodes, implying that the disordered rock salt structure contains not only Ni, but Mn and Co as well. Such passivation layers that form on NMC compounds during high voltage cycling inhibit Li diffusion, the consequences of which are increased overall cell impedance and loss of practical capacity during cycling to high potentials. However, the lost capacity in NMC-442 cells can be nearly completely recovered during subsequent discharge at a low rate, indicating the significant effect of surface rather than bulk transformations on the electrochemical behavior. 180 The degree to which surface reconstruction and capacity fading occurs during high voltage cycling is a function not only of how the cycling is carried out (e.g., cyclic voltammetry vs. galvanostatic) but also of how the materials are synthesized, in particular, calcination time. 181 Other factors include the use of electrolyte additives, which affect both the cathode/electrolyte interface (CEI) and the passivation of the cathode surface. 178 Similar to NMC-442, the irreversible surface phase transformation also occurs in NMC-532, the details of which depend on the cutoff voltage and is dominated by the transformation of the rhombohedral phase to spinel, with rock salt only observed during cycling to 4.8 V vs. Li + /Li (Figure 24) . 177 Furthermore, the disordered rock-salt surface phase observed by transmission electron microscopy/electron energy loss spectroscopy (TEM/EELS) on an NMC-532 after long-term cycling vs. Li4Ti5O12 (> 4000 cycles) appeared to involve primarily reduction of Mn 4+ to Mn 2+ . 174 In contrast to NMC-333, which undergoes a phase transformation from O3 to O1 at high-states of charge (Section 4.1.1), the O1 phase was not detected during delithiation of NMC-532, probably because there is less sliding of the slabs due to the higher degree of Li-Ni exchange. 177 5.1.3 LiNixMnyCozO2; 0.6 ≤ x ≤ 0.8 While greater capacities can be obtained by cycling cells containing NMCs to higher potentials, side reactions with electrolytic solutions and effects of surface reconstruction result in suboptimal cycling behavior. Increasing the nickel content to values as high as x = 0.6 -0.8 can lead to higher practical capacities at moderate operating potentials but it is not clear if this comes at the expense of thermal stability at high states-of-charge. [182] [183] [184] [185] [186] The increased Ni content also presents challenges for synthesis, because of the high Ni 3+ content.
For compositions with x = 0.6, a number of synthetic methods including combustion, co-precipitation, spray pyrolysis, and solidstate reactions have been attempted. At an optimal synthesis condition (800 -900 ⁰C in O2), the best samples can deliver an initial capacity of about 170 mAh/g when charged to 4.3 V vs. Li + /Li. [187] [188] [189] [190] [191] [192] For LiNi0.6Co0.4-xMnxO2, Mn and Co content influence both physical and electrochemical properties. For example, the primary particle size of final products increases as the Co content rises (Co = 0.05 -0.2), suggesting accelerated grain growth. 189, 191 For compositions Figure 24 Degradation mechanism of LiNi0.5Mn0.3Co0.2O2 showing the phase transformation after cycling tests under high-voltage operations. 177 Used with permission from reference 177.
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Please do not adjust margins over a wider and finer range (Co = 0.05 -0.3, step size = 0.05), LiNi0.6Co0.2Mn0.2O2 containing identical Co and Mn content had the highest tap density (2.32 g/cc for LiNi0.6Co0.2Mn0.2O2). 190 Increasing the Co content leads to higher capacities but the cycling performance deteriorates. LiNi0.6Mn0.2Co0.2O2 exhibits the best balance between reversible capacity and capacity retention as well as the smallest polarization. In the dq/dV plots of LiNi0.6Mn1-xCoxO2 (x = 0.05 -0.3, 2.8 -4.5 V vs. Li + /Li), only one pair of redox peaks appeared in the potential range of 3.7 -4.1 V. 190 In-situ XRD studies on Li1-xNi0.6Mn0.15Co0.25O2 electrodes (3 -4.5 V vs. Li + /Li) showed no new H2 phase formation upon Li deintercalation, instead, only a solidsolution reaction with a small lattice volume change (4%) prevailed during the charge-discharge processes. 193 Samples with Ni contents of x= 0.7 [194] [195] [196] and x= 0.8 186, [197] [198] [199] [200] [201] [202] [203] [204] [205] [206] that are prepared under optimal synthesis conditions can deliver high initial discharge capacities of about 180, and 190 mAh/g using an upper voltage cutoff of 4.3 V cutoff in lithium half cells, respectively. This capacity can be further increased to > 200 mAh/g after charging to 4.5 V for both x = 0.7, and 0.8 compositions. 207, 208 The synthesis of Ni-rich NMCs is complex and requires optimization of several parameters to produce materials with good performance. Synthetic variables under study ranged from details of the precursor preparation such as the amount of lithium excess to the best annealing temperature, duration, and atmosphere. For example, LiNi0.7Mn0.15Co0.15O2 compounds using 5 mol% Li excess exhibited the highest capacity and best cycling performance among materials prepared by a solvothermal method. This sample had the lowest amount of Ni 2+ /Li + mixing (4.6% Ni 2+ in Li layer and 1.7% Li + in TM layer) and the largest inter slab space, which accounted for its good performance. 195 For materials made by co-precipitation, the conditions strongly influenced the particle morphology and tap density, because of differences in the reaction rate (Figure 25 ). Smooth and spherical particles with the highest tap density (2.72 g/cc) were produced when the optimal conditions of NH3: metal molar ratio of 1.0 and a pH range of 11.5 -11.6 were used. 200 Spray pyrolysis using citric acid (CA) and ethylene glycol (EG) complexing agents has also been employed to prepare LiNi0.8Co0.15Mn0.05O2. Additives, amount of lithium excess, and annealing conditions were varied, all of which demonstrated significant effects on the electrochemical performance (Figure 26 ). The best sample, which demonstrated a high initial discharge capacity (218 mAh/g) and an excellent cycling performance (98% capacity retention @ cycle 50) in lithium half cells (2.8 -4.5 V) was synthesized with 6 mol% Li excess and 0.3 M each CA and EG, and annealed at 800 ⁰C in O2 for 3h. The complexing agents ensured homogeneity of the transition metals and enabled the complete decomposition of reactants inside the reactor. The use of excess Li compensated for Li loss during preparation and heat treatment processes. 207 These examples show how critical details of the synthesis are for preparation of high-performance Ni-rich layered oxides; minor adjustments of the parameters strongly influence morphology, stoichiometry and defect structure. 197, 209 A composition study within a very narrow range revealed that the cycling stability of LiNi0.8-xCo0.1Mn0.1+xO2 (0 ≤ x ≤ 0.08) was significantly improved when Mn content was increased; 85.7% for LiNi0.72Co0.1Mn0.18O2 vs. 64% for LiNi0.8Co0.1Mn0.1O2 @ cycle 100 (2.7-4.5 V vs. Li + /Li). This improvement was ascribed to the stabilization of the electrode/electrolyte interfaces as evidenced by the lower charge-transfer resistance in the electrochemical impedance spectra of Li0.72Co0.1Mn0.18O2 electrode, implying less surface film formation. 208 Although these Ni-rich layered oxides can deliver a high initial capacity and good cycle life when modified to contain more Mn, they still suffer from long-term cycling and thermal instabilities and are sensitive to moisture. An exothermic reaction occurs around 220 ⁰C for LiNi0.8Co0.1Mn0.1O2 charged to 4.3 V. 210 A phase transformation appears to occur from layered R3 � m to spinel Fd3 � m at 200 ⁰C, and to Fm3 � m rock salt at 250 ⁰C when heating charged Li0.2Ni0.8Mn0.1Co0.1O2 electrodes. 186 Similar phenomena in the phase transformation of Ni-rich layered cathodes was also observed during storage at 90 ⁰C after charge of the LiNi0.8Co0.1+xMn0.1-xO2 electrode to 4.3 V vs. Li + /Li. These conditions led to the reduction of Ni 4+ to Ni 3+ although the Mn oxidation state remained at +4. Additionally, charged cathodes stored at 90 ⁰C for 7 days transformed into a spinel phase (Fd3 � m). 202, 206 Parasitic reactions between the highly reactive charged electrode surface and electrolytic solutions were proposed to be the main reason for the failure of Li0.8Co0.1Mn0.1O2 electrode cycled at a voltage > 4.2 V. 211 
New Material Design Concepts for NMCs
In order to counteract the high capacity and poor structural stability of high Ni content NMCs, a new material design concept based on a core-shell structure has recently been demonstrated. A concentration-gradient layered oxide consisting of a high-energy Nirich layered oxide (Ni: Mn: Co = 0.8: 0.1: 0.1) in the bulk surrounded by a less reactive Ni-poor outer layer (Ni: Mn: Co = 0.08: 0.46: 0.46), was prepared by a two-step co-precipitation method, with the goal of providing robust surface protection when in contact with electrolyte ( Figure 27) . 210, 212, 213 Please do not adjust margins Please do not adjust margins characteristics evidenced by an onset reaction temperature ~ 90 ⁰C higher, with 31% less heat generated, than a homogeneous LiNi0.8Mn0.1Co0.1O2 electrode. Recently, a hierarchically structured NMC-442 cathode with a graded composition on both the primary and secondary particle levels was prepared by spray pyrolysis. The local elemental segregation, which resulted in Ni-poor surfaces resulted in superior resistance to surface reconstruction compared to conventionally prepared materials with homogeneous distributions of transition metals (Figure 28) . 211 These examples suggest it is possible to improve the performance of Ni-rich NMCs by engineering particle surfaces to reduce reactivity. 5.2 LiNi1-x-yTMxTM'yO2 (Tm = Co, Tm' = Al, 1-x-y = 0.8) Layered lithium transition metal oxides containing a combination of Ni, Co, and Al are already used in commercial Li-ion batteries and can be considered quite mature in their development. Recent rapid advancement and development of new characterization techniques have lent new insights into the functioning of these materials, such as the fading mechanism. The advantages of the LiNi1−xCoxO2 (0 ≤ x ≤1) system over LiNiO2 and LiCoO2 have been previously discussed in the section on layered oxides containing two transition metals; these can be summarized as reduction of defects leading to improved performance over LiNiO2, as well as lower cost than LiCoO2. The impetus for partial Al substitution came from the need to improve the thermal stability of the Ni and Co containing oxides, and was based on observations made on layered Ni oxides partially substituted with Al (vide infra). The thermal stabilization by partial Al substitution is ascribed to the stability of Al 3+ in tetrahedral sites, which disrupts the cation migration necessary for the phase transformations that occur at elevated temperatures. 41, 101, 214 Substitution of electrochemically inactive Al for electroactive Ni cations intrinsically limits the maximal amount of Li that can be extracted from the structure, potentially preventing overcharge. If the substitution is too great, there is a substantial decrease in reversible capacity, and impurities are formed. The solid solution limit appears to be 0 ≤ y ≤ 0.1. For this reason, studies on the LiNi1-xyCoxAlyO2 (0 ≤x, y ≤1) system have mainly focused on compositions with low Al contents (5 -10 %). [215] [216] [217] In 2002, SAFT reported a significant improvement in both electrochemical performance and safety characteristics in large Li-ion batteries using LiNi0.8Co0.15Al0.05O2 cathodes over those containing LiNiO2. This composition is considered to be optimal and is commonly designated NCA. 6, 215, [218] [219] [220] Synchrotron in-situ XRD studies revealed that NCA cathodes undergo similar phase transformations as LiNiO2 during the 1 st charge, including H1 to H2 hexagonal phase transformations early in the charge process, and H3 phase formation at the end of charge. However, the H3 phase formation was significantly suppressed compared to LiNiO2, leading to superior thermal stability in the overcharged state. 221 Due to these favorable characteristics, NCA cathodes have been successfully utilized in batteries for electric vehicles made by Tesla Motors, which uses ∼7000 of Panasonic's cylindrical 18650 cells in the battery pack. [222] [223] [224] Despite its commercial success, battery cells using NCA cathode still suffer from capacity fade and impedance rise after long-term cycling, particularly at high temperatures, and there are still some safety concerns.
Studies directed towards understanding the origins of capacity fading and impedance rise in cells with NCA cathodes indicate that, in some scenarios, the capacity and power fade of a battery is mainly due to the degradation of the NCA cathode rather than the graphite anode (3.0 -4.1 V, 80 ⁰C, 2C). 225 The degradation includes structural and chemical changes of the cathode, electrolyte decomposition, formation of passivating surface layers, loss of electronic contact, and gas evolution. Raman and atomic force microscopy (AFM) studies revealed inconsistencies in the kinetic behavior of individual NCA particles (rate of charge/discharge varying with time and location) and an increase in the surface composition ratio of NCA to carbon in the composite electrodes upon cell aging and cycling. Such carbon retreat or rearrangement may result in the loss of contact of active materials with the carbon matrix, therefore, contributing to cathode interfacial charge-transfer impedance, power and capacity loss. [226] [227] [228] Structural and chemical change studies on LiNi0.8Co0.2O2 cathodes cycled in a full cell using a suite of TEM, EELS, and XAS techniques showed evidence for a < 5 nm NiO-type surface layer after the formation cycle, the growth of which may be responsible Results indicate less reduced transition metal on the surfaces of the electrode made by spray pyrolysis than on the one made conventionally after cycling, implying less surface reconstruction. (c) Elemental distribution as a function of the distance from the particle surface calculated using TXM data. 211 Used with permission from reference 211. for the impedance rise observed during the accelerated cycling test (holding cells at temperatures ranging from 40 to 70 ⁰C). 229 Similar impedance rises were also observed on aged NCA cathodes under typical HEV conditions (5C rate, 40 ⁰C) after 5250 deep cycles. 224 The Ni L-edge and O K-edge XAS studies on cycled NCA electrodes in the discharged state (1000 cycles, 60 ⁰C) suggested that there was a substantial amount of Ni 2+ on the NCA surface in contrast to the Ni 3+ observed in the bulk. 225 Combined with TEM-EELS imaging, this was evidence for a NiO-like rock salt phase on the surface. In addition, formation of Li-and O-deficient areas was observed in the cycled samples, which could be due to Li substitution on Ni sites in the NiOlike degraded phase and oxygen loss during cycling. [230] [231] [232] When NCA cathodes were cycled at elevated temperature (80 ⁰C), quantitative analysis on the energy shift of Ni K-edge XANES spectra showed a strong positive correlation between the capacity fade and the valence state of the Ni ion. 225 This phase evolution from a layered structure in the bulk to a NiO-like phase on the surface was also observed in cathodes from a commercial 18650-type Li-ion battery.
A number of experiments on the phase transformation and gas evolution have been performed to understand the safety characteristics of NCA cathodes. Release of oxygen can initiate thermal runaway at a fairly low temperature because of the presence of flammable components in the electrolytic solution. Most studies focused on the evolution of the average crystallographic structure of the NCA cathode as a function of temperature and state-of-charge, which significantly affects the thermal stability of the charged NCA cathode. It was first shown by detailed TEM analysis that the overcharged LixNi0.8Co0.15Al0.05O2 (x < 0.15) cathode contains a complex core-shell-surface structure consisting of a layered R3 � m core, a spinel shell, and a rock-salt structure at the surface. 183 Moreover, this phase transition occurs at a low temperature for electrodes in the charged state. The development of the disordered spinel structure (Fd3 � m) in some particles occurs at temperatures below 100 ⁰C and the disordered rock-salt structure (Fm3 � m) was observed at a temperature above 200 ⁰C. 233, 234 A combination of TEM, selected area electron diffraction (SAED) and EELS techniques provides additional insights (Figure 29) . The crystal structure changes from layered R3 � m to spinel Fd3 � m to rock-salt Fm3 � m occurs due to movement of ions that result in the modification of the nearby coordination and bonding with oxygen, and correlates with significant changes in electronic structure of oxygen. During deintercalation, reduction of Ni and an increase in the effective electron density of oxygen cause a charge imbalance, leading to the formation of oxygen vacancies and the development of surface porosity. 233, 235, 236 Direct evidence of concomitant phase transformation and gas evolution (O2, CO2) was detected using in situ time-resolved XRD (TR-XRD) coupled with mass spectroscopy (MS) (Figure 30) . 236 Because of the direct relationship between the degree of Li extraction, the initiation of phase transitions, and the highly deleterious loss of oxygen from the structure, it is clear that Figure 30 (a) TR-XRD patterns and in-situ mass spectra for (b) O2 and (c) CO2 when heating Li0.5Ni0.8Co0.15Al0.05O2 up to 500 ⁰C. The left panels show the crystal structure of rhombohedral, spinel, and rock salt. 236 Used with permission from reference 236.
Figure 29
Schematic summarizing the crystallographic and electronic structure changes (O K-edge EELS) that occurs in NCA cathode upon charge. 235 Used with permission from reference 235.
Future Directions
High-performance NCA and NMC cathodes have evolved from many thousands of hours of research over the last two decades, devoted to understanding complex relationships among compositions, structures, physical, and electrochemical properties. The approach has largely been empirical, although understanding has grown with time and improvements in synthesis and characterization techniques. A reasonable question to ask is whether this process can be hastened in order to identify new better-performing materials for next-generation batteries, especially given the high potential growth of the electric vehicle and grid storage markets and their associated technical demands. In particular, there is a great need for new technologies that allow quicker design of new materials and performance optimization. Traditional approaches for battery material development rely heavily on trial-and-error. In contrast, a combinatorial materials approach could offer faster and more efficient methods of identifying promising advanced materials, which are likely to be more complex than their predecessors (e.g., containing multiple substituents, phase mixtures, gradient compositions, etc.). Depending on the synthetic method integrated into the combinatorial approach, the typical library outputs are thin films made by deposition techniques, and powders based on solution-based reactions such as co-precipitation. The as-produced thin films are thin enough that the electrochemical properties can be directly obtained in binder and carbon additive-free configurations to obtain a first approximation of electrochemical behavior. To date, thin film based combinatorial methods have mostly been employed to screen compositions in various ternary metal/metal oxide libraries for the development of Li-ion anodes 241, 242 and solid electrolytes. 243 . However, Dahn's group recently adopted a solution-based combinatorial approach to map out the entire composition ranges within the Li-Mn-Ni-O, Li-Mn-Co-O, and Li-Mn-Al-O chemical spaces using high-throughput XRD for phase identification. [244] [245] [246] [247] Many types of structures (rock salt, spinel, and layered compounds, etc.), as well as phase mixtures, occur in these quaternary systems. This rapid screening technique allowed construction of a detailed phase diagram so that researchers can concentrate on compositions most likely to result in a high degree of electroactivity. Combinatorial studies on the electrochemistry of as-produced powder samples would be ideal and enable a better understanding of compositionstructure-property relationships, as such results may be more relevant to bulk material properties compared to thin films. This requires further development of a reliable and cost-effective process that simulates standard electrode formulations and can bind the powders to current collectors.
Combinatorial approaches may be particularly helpful in identifying useful Li- 253 ) have been reported to have high electrochemical activity. These disordered rock salts possess the same atomic arrangements as well-ordered layered lithium metal oxide cathodes (e.g., LiCoO2) but lithium and transition metals are randomly distributed in the sublattices. Until recently, materials like this have been overlooked as potential Li-ion cathode candidates because of this feature. The ab initio computational results show that the key to designing good disordered materials is having a large enough Li-excess to ensure a percolating network of diffusional channels via octahedrontetrahedron -octahedron Li hopping. 248 This percolation theory opens up a vast compositional space of disordered lithium metal oxides. Using a combinatorial approach will allow for composition screenings of large libraries to rapidly identify the most promising disordered rocksalt-type lithium metal oxides.
Summary and Remarks
Ni-containing layered oxides are technologically important cathode materials for Li-ion batteries. Early work focused on LiNiO2 because of the structural similarity to LiCoO2, the first successful oxide cathode. Synthesis of high-performance LiNiO2 proved difficult due to the tendency to form lithium-deficient defective structures (Li1-xNi1+xO2) with Ni 2+ ions in the van der Waals gaps. In addition, structural and thermal instability at high states-of-charge led to safety concerns and prompted researchers to investigate strategies to solve these problems. Intensive investigation of the effects of partial substitution of one or more elements led to the development of two important classes of Ni-containing layered oxides, NMCs and NCA, which are in use today. Partial substitution of Co for Ni in NCA reduced the number of defects and the addition of Al improved the thermal stability. NCA is now the cathode of choice in batteries for electric vehicles (Tesla) although safety concerns have not been entirely alleviated. NMC cathodes have also been intensively scrutinized, with the battery community gradually adopting compositions with high Ni content such as NMC-532, NMC-622, or NMC-811, because these materials deliver large practical capacities at moderate potentials. Reactivity of the high Ni-content electrodes with electrolytic solutions and the thermal behavior at high statesof-charge, which lead to capacity fading and safety issues, are still a concern. However, ingenious methods to allay the effects of surface reactivity, such as sophisticated synthesis methods that reduce the amount of Ni on particle surfaces have now been demonstrated. This, in combination with other approaches such as electrolyte additives and robust coatings to ameliorate the ill effects of reactivity, should allow adoption of high-capacity electrodes in Li-ion batteries for many applications, in particular, cost-sensitive electric vehicles.
We have witnessed the progression of layered lithium metal oxide cathodes from the simpler single transition metal layered oxides such as LiNiO2 to variants substituted with one, two, or more elements. This process ultimately resulted in the advanced NCA and NMC cathodes used today, and allowed composition-structure-performance relationships to be developed. The advent of new material design principles now offer a new category of disordered rocksalt-type lithium metal oxides, with potentially very high capacities, to explore. The compositional space of interest is potentially very large, which ordinarily would require large investments of time and work using conventional methods to identify the most promising candidates. In contrast, combinatorial approaches, which allow for rapid screening of large libraries of compositions within a given system, should allow rapid identification of materials of interest.
